Introduction
============

According to the report of the Lancet Commission on Global Surgery, Global Surgery 2030, about 30% of the global burden of disease can be treated with surgeries.[@b1-tcrm-14-2397] General anesthesia is a vital component for many major surgeries. Postoperative residual neuromuscular block (PRNB), defined as the train-of-four (TOF) ratio (TOFR) \<0.9, has remained a problem with general anesthesia for surgeries. When reversal agents were not administered, the incidence of PRNB could be as high as 37%--82%.[@b2-tcrm-14-2397]--[@b4-tcrm-14-2397] After the routine use of anticholinesterase reversal agents, a relatively reduced PRNB incidence of 20%--40% at arrival of the postanesthesia care unit (PACU) has been observed.[@b5-tcrm-14-2397] PRNB is associated with an increased risk of postoperative pneumonia, coma, and mortality,[@b6-tcrm-14-2397],[@b7-tcrm-14-2397] and appropriate antagonism benefits patients.[@b8-tcrm-14-2397] Anticholinesterases have been the only available agents for neuromuscular reversal during the past six decades before sugammadex was introduced.[@b8-tcrm-14-2397] Having been clinically used since 1931, neostigmine is the most common antagonist for neuromuscular blockade with the advantages of broad-spectrum reversal of all nondepolarizing neuromuscular blocking drugs (NMBDs), low cost, and availability of more related data for clinical practice to refer to. Although sugammadex has emerged as a strong competitor, the cost-- benefit analysis results of its routine administration are still considerably uncertain.[@b9-tcrm-14-2397]--[@b11-tcrm-14-2397] Indeed, benefit of sugammadex in moderate block has not been fully certified; still, its benefit lies in its speed of reversal, intensity of reversal, and most importantly in its ability to reverse deep block, even in the case of failed intuition. This review aims to offer a reevaluation and update of both the clinical efficacy and safety of neostigmine usage for reversal of neuromuscular blockade based on more recent studies.

Pharmacology
============

As an anticholinesterase, neostigmine mainly inhibits the breakdown of acetylcholine, increases acetylcholine in the neuromuscular junction, and enhances the availability of acetylcholine to compete with NMBDs. The metabolism of all the three clinically available anti-cholinesterases (neostigmine, edrophonium, and pyridostigmine) is influenced by renal function, age, body temperature, intraoperative anesthetics used, NMBDs type and administration route, and the acid--alkali condition.[@b8-tcrm-14-2397] The distribution half-life (T~1/2α~), elimination half-life (T~1/2β~), and total plasma clearance of neostigmine are 3.4 minutes, 77 minutes, and 9.1 mL/kg/min, respectively.[@b12-tcrm-14-2397],[@b13-tcrm-14-2397] Both the effective duration and efficacy are related to the type of NMBDs, concomitant anesthetics, the neuromuscular reversal target, and the depth of muscular relaxation when neostigmine is administered. A newly designed administration route, trans-dermal electroporation, of neostigmine elicited equivalent action as the intravenous one.[@b14-tcrm-14-2397]

One of the most noticeable drawback of neostigmine is its inability to reverse profound and deep blockade, which results from a plateau reached when acetylcholinesterase inhibition is near 100%, and the maximal concentration of acetylcholine is achieved with increasing neostigmine dose not parallelly producing an additional effect (ie, the ceiling effect). The blockade reversal duration of neostigmine may be correlated with this effect as well.[@b15-tcrm-14-2397] Moreover, the potential for neostigmine to rapidly recover is limited as it cannot instantaneously and completely antagonize, and takes 10 minutes to achieve the peak effect.[@b16-tcrm-14-2397] The muscle weakness caused by neostigmine when administered after a full recovery from neuromuscular blockade may be due to the increased sensitivities of muscles to overloaded acetylcholine and the desensitization of the receptors.

Administration for neuromuscular blockade reversal
==================================================

The necessities of routine usage
--------------------------------

It was not until 1945 that the importance of neuromuscular blockade reversal had been realized. According to the results of a study in 2018, although only a small dose of rocuronium (ED95) was given for tracheal intubation and the anesthesia duration was relatively long (an average of 163 minutes), there were still 21% patients who had residual paresis at the end of surgery.[@b2-tcrm-14-2397] PRNB endangers patients' safety, for which the routine administration of antagonists is beneficial for reducing the risk of incomplete neuromuscular recovery.[@b17-tcrm-14-2397] There is evidence that in the absence of routine reversal, the PRNB incidence and associated complications markedly increased.[@b4-tcrm-14-2397],[@b18-tcrm-14-2397],[@b19-tcrm-14-2397] It is recommended that there should be a routine administration of anticholinesterases in all patients who receive intraoperative nondepolarizing NMBDs for diminishing PRNB, unless full recovery is confirmed with quantitative monitoring.[@b17-tcrm-14-2397],[@b20-tcrm-14-2397],[@b21-tcrm-14-2397] However, the actual use of reversal agents varies widely with different countries, anesthesia types, and individual physician's preferences,[@b3-tcrm-14-2397],[@b16-tcrm-14-2397] and only 18% of European and 34% of American anesthesiologists routinely use reverse muscle relaxants.[@b22-tcrm-14-2397]

Some physicians tend to overestimate the adverse effects of anticholinesterases to outweigh the risks caused by PRNB, and caution against the routine administration of anticholinesterases postoperatively.[@b23-tcrm-14-2397]--[@b26-tcrm-14-2397] Since the safety of routine administration of neostigmine was reported in 1959, the routine usage of neostigmine has been a continuing topic. A few studies found that the incidence of residual paralysis did not change with the administration of neostigmine, and neostigmine was associated with an increased incidence of postoperative atelectasis, which questions the potential of neostigmine in improving neuromuscular recovery.[@b27-tcrm-14-2397]--[@b29-tcrm-14-2397] However, a recent study in over 11,000 patients indicated that neostigmine could reduce the respiratory complications and 30-day mortality which were associated with NMBDs.The most common caution has been the reduction in TOFR, muscle weakness, and adverse respiratory events when neostigmine is given in the absence of neuromuscular blockade, but a few other studies found that neostigmine administration after nearly full neuromuscular recovery could have no adverse effect and result in no clinically important muscle weakness.[@b30-tcrm-14-2397] The causes of these above discrepancies between results of different studies include variations in the therapeutic range, appropriate dosing and timing, and some limitations of inconsistent definition of some indices. For example, reintubation was measured within 7 days postoperatively in a study, which could not be attributed to the use of neostigmine.[@b26-tcrm-14-2397] Therefore, further large-scale prospective studies with comparable designs and controlled factors are required, especially for determining neostigmine's appropriate dosing and timing.[@b31-tcrm-14-2397]

Most anesthesiologists deem that antagonism of neuromuscular blockade is not necessary if fade is absent when assessed with a monitor, there is no muscle weakness with clinical examinations or the time interval since administration of the last dose of intermediate-acting NMBDs exceeds 60 minutes. However, there are evidence that the postoperative risks of some patients increased: even 2 or more hours after a two time ED95 dose of intermediate-acting NMBD, the TOFR of 37% patients was \<0.9.[@b3-tcrm-14-2397] The causes of underestimated usage of neostigmine in these patients may include insensitivities of the nerve stimulator assessment and evaluation based on the clinical signs for detecting those with TOFRs of 0.4--0.9, who actually experience a residual neuromuscular blockade. In practice, if a nondepolarizing NMBD was given in a single small dose (one or two times ED95) and/or \>2 hours had elapsed since the administration, the benefit of neostigmine should be balanced with potential risks cautiously.[@b2-tcrm-14-2397] In fact, neostigmine may not be capable of preventing residual paralysis if administered incorrectly, and the administration must be guided by, at a minimum, subjective (more preferably, objective) monitoring.[@b5-tcrm-14-2397],[@b32-tcrm-14-2397]

Dosing of neostigmine administration
------------------------------------

In the 1940s, neostigmine was reported to be given "seldomly" in doses of up to 5 mg for the reversal of tubocurarine (0.4 mg/kg) for abdominal surgery.[@b33-tcrm-14-2397] During the early period, neostigmine was used at a dose of 1.25--2.5 mg per patient, but later in 1979 it was reported that 2.5 mg was not enough.[@b34-tcrm-14-2397],[@b35-tcrm-14-2397] A dose--effect curve was generated demonstrating the dose-dependent effect of neostigmine and the ceiling effect.[@b36-tcrm-14-2397] It was theoretically proved that the larger the dosage, the faster the effects and more complete the reversal. As compared with 0, 0.01, and 0.02 mg/kg doses, 0.04 mg/kg neostigmine was associated with the shortest time to reach a TOFR of 1.0 from 0.5 for the reversal of shallow neuromuscular blockade with rocuronium or cisatracurium.[@b30-tcrm-14-2397] The administration of 0.02, 0.04, and 0.08 mg/kg doses of neostigmine for reversal of atracurium at T1 values of 40%--50% of control resulted in the median recovery times to a TOF ≥0.7 of 4.5, 3.0, and 2.3 minutes, respectively.[@b37-tcrm-14-2397] A dose of 0.05 mg/kg neostigmine could reduce the duration of recovery to at least half as compared to the spontaneous recovery duration after rocuronium administration.[@b38-tcrm-14-2397] In fact, even 0.07 mg/kg neostigmine could not reliably reverse a residual neuromuscular block of a TOFR of 0.2 within 10 minutes.[@b39-tcrm-14-2397] Moreover, it was not possible to reach a TOFR of 0.9 within 30 minutes in all patients, regardless of the number of tactile responses presenting at neostigmine (0.07 mg/kg) administration.[@b15-tcrm-14-2397] When used at a higher dose of up to 0.08 mg/kg, neostigmine could not bring more benefits, and a second dose after a single dose of 0.07 mg/kg was not more effective in shortening the reversal duration when administered during deep muscle relaxation.[@b40-tcrm-14-2397]

The exact optimal dosage of neostigmine varies mainly based on the extent of spontaneous recovery at the time of administration, the half-life of the NMBDs used, and the concomitant anesthetics, which are yet to be defined for all levels of neuromuscular block. In a few other studies, there was no difference between 0.035 and 0.05 mg/kg doses in time to full recovery for 0.5 mg/kg rocuronium block at T1 of at least 10%. The speed of acceleration of recovery when administered 5 minutes after administration of rocuronium (0.4 mg/kg) also did not differ between 0.03 and 0.05 mg/kg neostigmine, and 0.03, 0.04, and 0.055 mg/kg neostigmine doses demonstrated very similar time course of effect.[@b41-tcrm-14-2397],[@b42-tcrm-14-2397] It was considered that 2.5 mg neostigmine was an unnecessarily large dose to antagonize the effects of atracurium and vecuronium, if \>20% recovery of T1/T0 had already occurred when administered.[@b37-tcrm-14-2397],[@b43-tcrm-14-2397] Moreover, in the same situation, 1.25 mg neostigmine was effective as well, and 0.625 mg accelerated recovery after atracurium (although not vecuronium).[@b43-tcrm-14-2397] It was calculated that 0.034 mg/kg neostigmine was required to recover 95% of patients from a TOFR of 0.5--0.9 or higher within 5 minutes.[@b44-tcrm-14-2397] As little as 0.02 mg/kg neostigmine could be sufficient for a successful reversal of shallow atracurium block (TOFR of 0.4) within 10 minutes, and 0.01 mg/kg was effective for TOFR of 0.6--0.9.[@b36-tcrm-14-2397],[@b45-tcrm-14-2397]

Data also suggested that neostigmine may be used in excessive doses than necessary to antagonize the effects of high-dose NMBDs.[@b46-tcrm-14-2397] However, neostigmine was associated with a dose-dependent increase in the risk of postoperative respiratory complications, and high doses of neostigmine did not improve respiratory safety.[@b27-tcrm-14-2397],[@b47-tcrm-14-2397] Normal doses of neostigmine may produce muscle weakness in the situation of low degrees of residual neuromuscular blockade (ie, a TOFR \>0.4), and evidence demonstrates that neostigmine doses over 0.06 mg/kg may lead to transient muscular weakness.[@b26-tcrm-14-2397],[@b27-tcrm-14-2397],[@b47-tcrm-14-2397],[@b48-tcrm-14-2397] Considering the possible muscular weakness when administered for shallow blocks and the dose dependence of its adverse cardiovascular effects, relatively lower dosage of neostigmine may be beneficial when recovery is almost complete. Routine administration of reduced doses of neostigmine (0.01--0.02 mg/kg) even when no fade was felt after TOF or double-burst stimulation can be beneficial for preventing shallow, but potentially harmful, degrees of residual paralysis.[@b31-tcrm-14-2397],[@b32-tcrm-14-2397] Decreasing the dose of anti-cholinesterase may reduce adverse effects, and one prudent trend to use neostigmine is with as low a dose as is necessary to produce effective reversal effects and minimize the side effects.[@b41-tcrm-14-2397] However, based on the lack of compelling evidence of the efficacy of neostigmine doses as small as 0.01 mg/kg, the opponent opinion considers that doses of \<0.02 mg/kg are not recommended for light or minimal block.[@b5-tcrm-14-2397] TOF monitoring should be used to evaluate the possible need for an additional dose of neostigmine.

The interaction of anesthesia with halogenated agents should be taken into consideration as well. Most inhalational anesthetic agents potentiate neuromuscular block. When 0.07 mg/kg neostigmine was administered on reappearance of the first tactile TOF response for reversal of rocuronium (0.60 mg/kg), the median recovery time to a TOFR of 0.9 was longer under sevoflurane anesthesia (28.6 minutes) than propofol anesthesia (8.6 minutes).[@b49-tcrm-14-2397] It was found that neostigmine at doses ≥0.02 mg/kg could offset the potentiating effect of sevoflurane on neuromuscular blockades, and isoflurane was found to offset the decreasing effects on TOFR of neostigmine (0.02 mg/kg) which was administered when TOFR was 0.88 or 0.92 at 2 or 4 hours after a single dose of vecuronium.

Timing of neostigmine administration
------------------------------------

One concern of timing of neostigmine is that the administration is "too late". It has been held for a long time that if neostigmine is given after full neuromuscular recovery, muscle weakness may be induced theoretically. It was found in a report in 1980 that in addition to 2.5 mg neostigmine administered for antagonism of neuromuscular blockade, the administration of a second dose (2.5 mg) depressed the peak tetanic contraction and reestablished tetanic fade, but this study design does not reflect the current routine clinical practice.[@b23-tcrm-14-2397],[@b50-tcrm-14-2397] Another study reported similar reintroduction of neuromuscular blockade with a second dose of neostigmine (2.5 mg) after the first dose at 1 hour after administration of vecuronium.[@b51-tcrm-14-2397] A later study also indicated that a second dose of neostigmine 2.5 mg diminished tetanic height and increased tetanic fade after the first dose (2.5 mg) administered for reversal of atracurium-induced neuromuscular blockade, which might adversely affect neuromuscular function.[@b24-tcrm-14-2397] It was found that some patients (eight in 60) who were given 0.04 mg/kg neostigmine at 2--4 hours after a single dose of vecuronium (0.1 mg/kg) had decreased TOFR after the administration, and the TOFR of those patients had recovered to ≥0.9 at the time of reversal, although this effect was short-lived (only 10--20 minutes).[@b24-tcrm-14-2397],[@b52-tcrm-14-2397] After administration of neostigmine (0.03 mg/kg) after the TOFR recovered to unity (\>1.0), upper airway collapsibility was increased and genioglossus muscle activation in response to negative pharyngeal pressure was impaired in healthy volunteers.[@b53-tcrm-14-2397],[@b54-tcrm-14-2397] Anticholinesterase agents produce neuromuscular weakness and tetanic or TOF fade if there was not a previous exposure to NMBDs, and dose-related collapse of upper airway muscles may occur, which can be diminished if NMBDs are present (even in small doses).[@b48-tcrm-14-2397],[@b55-tcrm-14-2397]

There have been contrary results from different studies. A study showed that a second dose of neostigmine (0.07 mg/kg) after the same first dose administered for reversal of vecuronium neither hastened nor prolonged the recovery.[@b40-tcrm-14-2397] Similarly, a recent study indicated that neostigmine administration after spontaneous recovery to a TOFR of 0.9--1.0 was not associated with clinical evidence of anticholinesterase-induced muscle weakness, and small increases in TOFR were even observed.[@b2-tcrm-14-2397] The causes which may contribute to these inconsistent results include the differences in NMBDs used, monitoring technology, or measurable indices, whether neostigmine was administrated after the termination of inhalational anesthesia, and so on.

Another concern of timing of neostigmine is that the administration is "too early." There were no advantages in giving neostigmine early when deep blockade was present, even in doses \>0.05 mg/kg, and 0.07 mg/kg neostigmine would also delay the reversal duration when given during deep muscle relaxation.[@b14-tcrm-14-2397],[@b56-tcrm-14-2397] Comparison of the effects of neostigmine 0.06 mg/kg administered at different depths of blockade indicated that the total recovery time could not be shortened by early usage of neostigmine and attempted antagonism from intense blockade following atracurium infusion offered no clinical advantages.[@b57-tcrm-14-2397] The total time to recovery was found to be the same whether neostigmine (0.07 mg/kg) was administered 15 minutes after vecuronium (0.1 mg/kg) or it was given when T1 had recovered to 10% of control.[@b40-tcrm-14-2397] The median recovery time to a TOFR of 0.9 with 0.07 mg/kg neostigmine for reversal of rocuronium at a posttetanic count of 1--2 (deep block) was 49 minutes, and similarly situation to reverse vecuronium required a median of 50 minutes.[@b58-tcrm-14-2397],[@b59-tcrm-14-2397] Although 0.07 mg/kg neostigmine accelerated recovery from deep blockade by 20--25 minutes, the returned neuromuscular function was incomplete and unsatisfactory.[@b5-tcrm-14-2397],[@b60-tcrm-14-2397]

Rather than increasing the doses of neostigmine which are limited by the ceiling effects, waiting longer for the improvement of spontaneous prereversal recovery may be the key to obtain better effects.[@b32-tcrm-14-2397] An anticholinesterase is recommended to be administered only after the recovery from neuromuscular blockade is presented (ie, a TOF count ≥2), and it was recommended to wait until two twitches were seen before neostigmine administration to reach a TOFR \>0.7, and four visible twitches to reach a TOFR of 0.9 within 10--15 minutes.[@b17-tcrm-14-2397],[@b61-tcrm-14-2397] Complete recovery (TOFR \>0.9) was achieved only if neostigmine was administered when spontaneous recovery was well underway.[@b14-tcrm-14-2397] More recently, the recommendation based on a systematic review indicated that the administration of neostigmine should be delayed until an advanced degree of prereversal recovery has occurred (ie, a T1 \>25% of baseline), or the recovery time would be \>15 minutes.[@b62-tcrm-14-2397]

Generally, it was indicated that, regarding both the reversal time and total recovery time, the optimum time for neostigmine administration for reversal of atracurium-induced neuromuscular blockade was when 0\< T1 (the first twitch in TOF) \<8% or when 5\< D1 (the first twitch in double-burst stimulation) \<15%.[@b56-tcrm-14-2397] It is recommended that reversal of profound or deep neuromuscular block not to be attempted using neostigmine.[@b5-tcrm-14-2397] It is recommended to initiate neostigmine under neuromuscular monitoring as well. However, a recent retrospective study indicated that neither the doses of neostigmine nor the duration to extubation were affected by the depth of the neuromuscular blockade prior to reversal, exposing discrepancies between existing guidelines and the actual clinical practice.[@b63-tcrm-14-2397] More evidence are needed if the current concepts of timing of neostigmine administration are to be updated.

Recommendations of dosing and timing of neostigmine administration
------------------------------------------------------------------

Although the data on dosing and timing of neostigmine administration seem to vary according to the different NMBDs and their doses used, the monitoring of neuromuscular block with electrically stimulating indices (eg, TOF and/or TOFR) can provide an objective and standardized measurement for evaluation and prediction, and the recommendations of dosing and timing of neostigmine administration are mainly based on the data from neuromuscular monitoring. It was recommended that 0.07 mg/kg can be used when TOF is 1--2, moderate dosage (0.04--0.05 mg/kg) can be used when TOF is 3--4, and lower dosage (0.02 mg/kg) can be used for shallow blockade when TOF is 4. Another suggestion to diminish the incidence of residual curarization by neostigmine was also based on the level of block measured with neuromuscular monitoring: when TOF count is 0--1, reversal should be delayed (till TOF count of 2); when TOFR is \<0.4 or count is 2--3, 0.05 mg/kg neostigmine can be administered; when TOF count is 4 with fade, 0.04 mg/kg can be used; when TOFR is 0.4--0.9 or count is 4 without fade, 0.02 mg/kg can be used; but when TOFR is ≥0.9, no reversal will be necessary.[@b8-tcrm-14-2397],[@b20-tcrm-14-2397] Newer recommendations are as follows: reversal should be delayed when TOF count is 0--1; 0.05--0.07 mg/kg neostigmine can be used when TOF count is 2--4 (with fade by tactile or visual means, TOFR \<0.4); 0.02--0.03 mg/kg neostigmine can be used when TOF count is 4 (no tactile or visual fade, TOFR =0.4--0.9); and reversal will be unnecessary when TOFR is ≥0.9.[@b5-tcrm-14-2397]

Prevention of adverse effects
=============================

Generally, neostigmine was found to be associated with serious adverse events in \<1% of patients.[@b64-tcrm-14-2397] Potentially induced muscle weakness and cholinergic side effects are the main concerns.

The neostigmine-induced muscle weakness may mainly occur in patients who are administered after full recovery and those administered with large doses who are relatively "overdosed" after nearly full recovery. It has been well accepted that reversal is unnecessary when TOFR is at least 0.9, and an empiric, routine full dose of 0.07 mg/kg neostigmine at reversal of light (TOFR of 0.1--0.4) or minimal (TOFR of 0.4--0.9) neuromuscular block is not advised.[@b5-tcrm-14-2397] The updated results from a study published in 2018 showed that 0.04 mg/kg neostigmine administered for reversal of TOFR of 0.9--1.0 was not associated with clinical evidence of anticholinesterase-induced muscle weakness.[@b2-tcrm-14-2397] Moreover, although 0.03 mg/kg neostigmine administered after spontaneous recovery to a TOFR of 1.0 induced symptoms of muscle weakness (difficulty swallowing and diplopia) in awake volunteers, there is no evidence to answer the question that whether smaller doses (≤0.03 mg/kg) of neostigmine have an effect on airway muscular weakness or residual paralysis if administered at (near) full recovery and whether these doses are associated with adverse clinical outcomes when administered empirically (in the absence of neuromuscular monitoring).[@b5-tcrm-14-2397],[@b54-tcrm-14-2397] Hence, administration with lower doses under close monitoring may help in prevention of the potential-induced weakness in these patients.

One of the most severe subsequence from such muscle weakness is associated with respiratory impairment. Neostigmine has been found to induce muscle weakness and adversely affect respiratory outcomes, and is associated with an increased occurrence of atelectasis, pulmonary edema, desaturations, postoperative pulmonary complication, and longer PACU and hospital stays.[@b26-tcrm-14-2397],[@b27-tcrm-14-2397],[@b47-tcrm-14-2397] However, some other studies did not demonstrate any clinical evidence of respiratory muscle weakness in postoperative patients.[@b24-tcrm-14-2397],[@b30-tcrm-14-2397],[@b65-tcrm-14-2397],[@b66-tcrm-14-2397] Furthermore, it was revealed that postextubation airway obstruction is uncommon after neostigmine is used at a TOFR of ≥0.9, and administration of neostigmine with appropriate dosage under close monitoring could decrease and even eliminate the risk of postoperative hypoxemic and pulmonary complications associated with NMBDs.[@b26-tcrm-14-2397],[@b47-tcrm-14-2397] Moreover, it was even found recently that as compared to those given saline, fewer patients administrated with neostigmine after spontaneous recovery to a TOFR of 0.9--1.0 experienced moderate or severe hypoxemia, required stimulation to maintain oxygenation, or needed additional oxygen therapy, although these differences were not statistically significant, which might be due to the unpowered designation of the study to examine the above indices as secondary outcomes.[@b2-tcrm-14-2397] The association of neostigmine administration with improvement in several symptoms of muscle weakness may be resulting from the neostigmine's reversal effects on preventing residual paresis outweigh its potential muscle weakness-inducing effects in the cohort of patients who were benefitted with neostigmine administration even after recovery at a TOFR of 0.9--1.0.

The cardiovascular side effects of neostigmine as an acetylcholinesterase inhibitor are obvious, especially bradycardia and related arrhythmia, the prevention of which can be achieved with the usage of an additional anticholinergic agent (eg, atropine or glycopyrrolate) prior or concomitantly to attenuate the parasympathomimetic activity at nonmuscular acetylcholine receptors. Glycopyrrolate (0.5 mg) was found superior to atropine (1 mg) in protecting against neostigmine (2.5 mg)-induced bradycardia when administered simultaneously with less tachycardia and cardiac arrhythmias, which is due to its more synchronous effects and time course of action matching that of neostigmine better and better regulation on parasympathetic system, and because it does not cross the blood--brain barrier.[@b67-tcrm-14-2397]

Nausea and vomiting are other concerns. Acetylcholinesterase inhibitors were initially not recommended as they increase the rate of postoperative nausea and vomiting (PONV), and it was noted that the risk of nausea and emesis was greater with larger doses (\>2.5 mg) of neostigmine than with smaller doses (1.5 mg) or placebo.[@b68-tcrm-14-2397] However, the supposed emetic properties have not been supported by evidence from meta-analysis.[@b68-tcrm-14-2397]--[@b70-tcrm-14-2397] Omitting neostigmine simply for PONV is unjustified.

Neostigmine for special patients
================================

Geriatric patients
------------------

The elderly are at increased risk for PRNB with an incidence of 57.7% (aged 70--90, being nearly as twice as that of the younger population, aged 18--50, 30%) and associated adverse outcomes, including increased PACU and hospital stay, more hypoxemic events, airway obstruction, and muscle weakness.[@b71-tcrm-14-2397] Because of the geriatric physiological changes, including declined renal function, a decrease in the nicotinic acetylcholine receptors concentration at the motor endplate, and the release of acetylcholine from the preterminal axon, most NMBDs' effects are prolonged; meanwhile, the same is observed with neostigmine, which may provide some protection against possible recurarization as its prolonged duration of action may negate the prolonged duration of NMBDs action in the elderly.[@b72-tcrm-14-2397],[@b73-tcrm-14-2397] The time to reach a TOFR of 0.6 from pancuronium neuromuscular block was longer in the elderly (11±10 vs 5±4 minutes in the young), and the same as the duration of action of neostigmine 0.07 mg/kg to antagonize metocurine (32 minutes in elderly vs 11 minutes in young).[@b72-tcrm-14-2397],[@b74-tcrm-14-2397] The prolonged duration of maximum response to neostigmine may be due to a decrease in extracellular fluid volume and initial volume of distribution, which reflect a greater concentration initially available to act at neuromuscular junction.[@b13-tcrm-14-2397],[@b75-tcrm-14-2397] The concomitant increase in the duration of action of both NMBDs and neostigmine reduces the risk of recurarization.

A study on comparison between elderly and young patients administered neostigmine (with doses based on weight) for the reversal of tubocurarine's effects after elective limb surgery demonstrated that there was no significant difference between the two groups regarding the relationship between TOFR and recovery time, the trends of which were similar.[@b76-tcrm-14-2397] Another study comparing healthy elderly patients with young adults found that the dose--response relationship of neostigmine for reversal of doxacurium's neuromuscular blockade was not significantly different, and the average estimated dose of neostigmine required to obtain 70% TOF recovery after 10 minutes was 0.0536 mg/kg in young patients compared to 0.0416 mg/kg in elderly (no statistical significance).[@b77-tcrm-14-2397] Whether there was bias because of the relative small size of this study (11 elderly vs 18 young) needs to be taken into consideration.[@b77-tcrm-14-2397] Other investigators reported that there was no significant age-related difference in dose requirements of neostigmine (concerning the plasma concentration--response data) in the aged, although the results ignored the effect of spontaneous recovery and were based on the continuous background infusion of the NMBDs, which is not a routine clinical practice.[@b75-tcrm-14-2397] Surprisingly, in another study, the authors reported that as compared with that of the young group, the dose--response curve for neostigmine in the elderly group was parallel but significantly to the right, which suggested an apparently larger dose requirement in the elderly for obtaining antagonism of vecuronium blockade.[@b78-tcrm-14-2397] Currently, it is more commonly accepted that dosage adjustments are not generally needed in geriatric patients, but neuromuscular monitoring should be lasted longer than younger adults.

One focused consideration for the old patients is the cardiac adverse effects of neostigmine. The incidence of new postoperative cardiac dysrhythmias was 14% in 21 geriatric patients who had received neostigmine (4.40±0.66 mg) or pyridostigmine even premixed with glycopyrrolate (0.88±0.15 mg) for reversal of neuromuscular blockade, but all dysrhythmias occurred in those with preexisting cardiovascular diseases.[@b79-tcrm-14-2397] Another study on 93 old patients reported that as compared to pyridostigmine, neostigmine was associated with a higher incidence of dysrhythmia in all the studied patients, the subcohort of patients with preexisting cardiovascular diseases and those who received a halogenated anesthetic (five times greater in this subcohort when comparing neostigmine to pyridostigmine).[@b80-tcrm-14-2397] When compared to that in younger patients, the dosage of anticholinergic agents (glycopyrronium or atropine) given with neostigmine was suggested to be reduced in the patients who were over 65 years old because of the more drastic changes in heart rates, and glycopyrronium might be more beneficial.[@b81-tcrm-14-2397]

Whether the adjustment of dosage of neostigmine and/or anticholinergic agents is needed and what is the optimized combination of them in the geriatric patients are still unclear. Therefore, further studies with high quality and larger sample size are required to reconfirm the efficacy and safety of neostigmine's optimal administration in the aged.

Pediatric patients
------------------

PRNB was frequently observed in the pediatric patients (28.1%), but more commonly in cases reversed with neostigmine (37.5%), which may be due to the difficulties in assessing related indices as compared with adults and the unreliable onset time and effectiveness without objective neuromuscular monitoring in the children.[@b82-tcrm-14-2397] It was held for a long time that higher doses of neostigmine were needed for appropriate antagonism of long-acting NMBDs in children.[@b83-tcrm-14-2397] In the 1960s, large doses of anticholinesterase were used in children than adults to obtain reliable recovery; for example, 0.08 mg/kg neostigmine was administered to antagonize tubocurarine in neonates.[@b84-tcrm-14-2397] However, later studies indicated that the dose--response curve for neostigmine used to antagonize residual block from tubocurarine was shifted to the left of that of adults, firstly questioning the belief that larger doses of anticholinesterase were needed in children.[@b85-tcrm-14-2397] It was found that smaller doses of neostigmine were needed in children than in adults (only half the weight-related dose of adults to produce the same effect) for antagonism of neuromuscular blockade by pancuronium or doxacurium and the TOFR was recovered in 10 minutes.[@b86-tcrm-14-2397] In the case of reversal of rocuronium (0.6 mg/kg) blockade, even a much smaller dose of neostigmine (0.0071 mg/kg) produced the same effect in children aged 2--10 years as 0.0566 mg/kg neostigmine in adults, and there was no advantage with neostigmine dosage \>0.02 mg/kg administered to antagonize 90% of rocuronium's effect in children.[@b87-tcrm-14-2397] Recovery from pancuronium-induced blockade after a large dose of neostigmine (0.071 mg/kg) was more rapid in children than in adults, but increasing the dose of neostigmine (0.1 mg/kg, as compared to 0.05 mg/kg) had no significant effect on the total recovery time but increased the variability in children.[@b88-tcrm-14-2397],[@b89-tcrm-14-2397] When comparing with atropine, glycopyrrolate was found to be as safe and effective in children in a mixture with neostigmine for reversal of neuromuscular blockade, although its advantages were not as marked as had been observed in adults.[@b90-tcrm-14-2397]

It was found that when neostigmine was administered after the first twitch reached 10% of control, the rate of recovery for vecuronium was dependent on age, which was faster in children than in infants and adults.[@b91-tcrm-14-2397] It was also found that the recovery from rocuronium-induced blockade was faster in children aged 5--10 years than in children aged 1--4 years.[@b92-tcrm-14-2397] As compared with children, young children, or infants, the neonates experienced both the longest spontaneous recovery and reversal recovery of neostigmine (0.03 mg/kg) for rocuronium.[@b93-tcrm-14-2397] Further studies on differences between subgroups of children at different age ranges are required.

The differences in neostigmine's effects in children as compared to that in adults cannot be explained only with a pharmacokinetic mechanism.[@b38-tcrm-14-2397],[@b85-tcrm-14-2397] Other contributors to the effect of lower dosage of neostigmine in pediatric patients include the local differences at the neuromuscular junction in children (eg, the number and quantity of nicotinic receptors, amount of acetylcholine reserve, or acetylcholinesterase enzyme activity), a more rapid circulation time and the increased cardiac output speeding the delivery of these agents to the neuromuscular junction and the onset of effect, and more rapid removal of NMBDs from the neuromuscular junction.[@b38-tcrm-14-2397],[@b94-tcrm-14-2397],[@b95-tcrm-14-2397] Up till now, there have not been enough sound evidence for confirming both the efficacy and safety of appropriate use of neostigmine to reverse neuromuscular block in pediatric patients, and further studies with more coherent design and measurements are needed.[@b96-tcrm-14-2397]
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